A stochastic frontier production function with time-varying technical efficiencies is estimated using panel data from ICRISAT's Village Level Studies in three Indian villages. A Cobb-Douglas functional form is initially defined in which linear combinations of irrigated and unirrigated land and hired and family labour are included as explanatory variables.
Introduction
Frontier production functions and technical efficiency of individual firms have been considered in a large number of papers in economic, statistical and econometric journals. Battese (1992) presents a review of the concepts and models which have been suggested and surveys applications which have appeared in agricultural economics journals.
Frontier production functions assume the existence of technical inefficiency of the different firms involved in production such that, for specific values of factor inputs, the levels of production are less than what would be the case if the firms were fully technically efficient. The majority of the earlier applications of frontier production functions involved cross-sectional data. However, more recently attempts have been made to apply frontier production functions in the analysis of time-series data on firms involved in production. Initially the firm effects associated with the existence of technical inefficiency were assumed to be timeinvariant random variables or independent and identically distributed over time. Models for frontier production functions have been proposed in which the firm effects associated with technical efficiency are assumed to be time varying [see Kumbhakar (1990) , Cornwell, Schmidt and Sickles (1990) and Battese and Coelli (1992) ].
In this paper, we apply the model proposed in Battese and Coelli (1992) in the analysis of panel data collected by the International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT) from sample farmers in three villages in India.
2.
The Econometric Model
The model proposed by Battese and Coelli (1992) assumes that the production of firms is defined by a stochastic frontier production function in which the firm effects are an exponential function of time, such that the firms are not required to be observed in all the time periods involved. The model is defined by 
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Y represents the production for the i-th firm at the t-th period o£ it observat ion; f(xlt 8) is a function of a vector, xit, o£ factor inputs and other relevant variables, associated with the production of the i-th firm in the t-th period of observation, and a vector, 8, of unknown parameters; the V 's are assumed to be independent and identically distributed it
N(O, ~a) random errors;
the U's are assumed to be independent and identically distributed ! non-negative truncations o£ the N(H, ~2) distribution;
is an unknown scalar parameter; and The firm effects, Uit , are non-negative random variables which are associated with the existence of technical inefficiency of the firms. That is, the observed production, Yit' is less than the stochastic frontier production, f(xlt;~)exp(V~ ) for the given set of inputs in the vector, x .
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The model for the firm effects, defined by equation (2), specifies that the firm effects, Ult, approach U1 as t increases towards the last time period, T, involved in the panel. If the parameter, W, is positive then the firm effects, Uit , decline towards U i as t increases towards T. This situation would indicate a decline in the level of technical inefficiency and, hence, an increase in technical efficiency over time.
As stated in Battese and Coelli (1992) , the exponential specification of the behaviour of the firm effects over time is a rigid parameterization.
It implies that the technical efficiency of the firms involved, TEit = exp(-Uit), is a double exponential function of time for the given firm, i. Kumbhakar (1990) assumed that the firm effects, Uit , were a more general exponential function of time involving two parameters. No empirical applications of Kumbhakar's (1990) model have yet appeared because the model has not been successfully programmed. Cornwell, Schmidt and Sickles (1990) assumed that the firm effects were a quadratic function of time in which the coefficients were random draws from a trivariate normal distribution.
The model for the firm effects, Uit, defined by equation (2), assumes that the rankings of the firm effects remain the same over time. In order to permit different orderings of the firm effects, Uit , for the firms at different time periods, a more complicated model than that of equation (2) would be required. Battese and Coelli (1992) propose that the technical efficiency of the i-th firm at the t-th time period be predicted by the conditional expectation of the technical efficiency, exp(-Uit), given the vector of the values of V -U for the i-th firm up to time period t. The expression involved is The estimation of the stochastic frontier production function (I)- (2) and the prediction of the technical efficiencies of the different firms over time is achieved by the use of the computer program, FRONTIER, written by Coelli (1991 Coelli ( , 1992 . The FRONTIER program assumes that the stochastic frontier production function (I) is of Cobb-Douglas type. Battese and Coelli (1992) illustrated the use of the FRONTIER program with the analysis of a subset of the data on a panel of sample farms from the village of Aurepalle in India. In this paper, we consider the complete data sets obtained over the ten-year period in which ICRISAT collected data from the three villages of Aurepalle, Kanzara and Shirapur.
ICRISAT's Village Level Studies
The data used in this study were obtained from the International Crops Asokan and Ryan (1977) and Binswanger and 3odha (1978) ].
The three villages involved in the VLS studies of ICRISAT were selected from districts which represented the broad agroclimatic subregions in the SAT In all the villages, cultivation such as plowing, harrowing and interculturing is carried out using animal draft power, usually involving bullocks. However, many households which own small areas of land do not have bullocks. Seasonal hiring is common, especially by small farmers. It is most common in Shirapur where bullock-to-land ratios are significantly lower than in the other two villages [Walker and Ryan (1990}] . Single bullock owners often pool their bullocks and cultivate on an exchange basis.
Fertilizer is used almost entirely for irrigated agriculture in the study villages. However, the use of fertilizer in dryland agriculture is increasing in the rainfall-assured village of Kanzara and, to some extent, in
Aurepalle. For example, the use of fertilizer in dryland farming has increased from 3 per cent in 1975-76 to 50 per cent by 1985-86. However, application rates per hectare remained very low.
Manure plays an important role in the study villages. Many farmers apply manure to their land every year. However, the supply of manure is constrained by limited availability of fodder which restricts livestock production as well as its use for fuel.
Pesticides are applied mainly in irrigated agriculture, although the expenditure on fertilizers is much higher (about nine times) than the expenditure on pesticides. Pesticides are widely applied in the villages of Aurepalle and Kanzara.
The following section deals with the empirical analyses of the data obtained from the three villages, Aurepalle, Shirapur and Kanzara. It is expected that different parameter values and technical efficiencies are likely because of the substantial differences in the agro-climatic environments among the three villages.
The Frontier Production Function
A stochastic frontier production function of Cobb-Douglas type, which involves four basic explanatory variables, is initially considered in this study. The frontier production function is defined by:
where Y is the total value of output for the i th farmer in the t th year of IL are the hectares of unirrigated and irrigated land under production, it respectively, for the i th farmer in the t th year of observation and a 1 is a parameter, such that 0 < a I < 1; X21 t = a2FLit + (1 -a2)HLit is a labour variable in which FLit and HL are the hours of family labour and hired labour for the i th farmer in It the t th year of observation (in male equivalent units) 2 and 0 < a 2 < I;
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The values of output (and input costs) were deflated using price indices which were constructed from data on prices and quantities of commodities grown in the three villages.
Labour hours were converted to male equivalent units based on the conversion rule that female and child labour hours are equivalent to 0.75 and 0.50 male hours, respectively. These factors are used by ICRISAT in empirical analyses involving labour of different family members. as defined for equations (I) and
The model, defined by equation (6), is formulated from the work of Bardhan (1973) , Deolalikar and ViOverberg (1983, 1987) and Battese, Coelli and Colby (1989) . Bardhan (1973) considered a production function of Cobb-Douglas type in which the variables, total labour (family plus hired labour hours) and the proportion of hired labour to total labour, were separately included as explanatory variables. Bardhan (1973) used Indian farm-level data and concluded that hired and family labour were heterogeneous in some cases. Deolalikar and Vi3verberg (1983) defined a more general model of CES type in the analysis of district-level data for Indian farms. Several special cases of the CE$ model were considered. They concluded that the model in which hired and family labour were included as separate explanatory variables was the best one. Deolalikar and Vi3verberg (1983) also considered unirrigated and irrigated land in their production function. They concluded that the best model had a weighted average of the unirrigated and irrigated areas operated as the land variable.
Battese, considered the model in which labour and land variables were the weighted averages of their respective hired and family labour and unirrigated and irrigated land. Battese, Coelli and Colby (1989) included cost of inputs in the Cobb-Douglas production function, provided input costs were positive. However, if input costs were not positive (as is the case for a large proportion of farms in this study), then input costs were not included in the function. This dummy-variable approach may be criticised because as input cost approaches zero then production should also approach zero according to the Cobb-Douglas production function.
The modified production function (6), in which cost of inputs enters exponentially, implies that as cost approach zero, the term, exp(Cost), approaches one, not zero. Hence, the model (6) implies that farms with positive input cost have a different intercept value than those with zero input cost (of those which are measured), but the latter farms do not have zero level of production.
The model of equation (6) /34ex p (Vit
where Land -= UL + IL is the total hectares of land operated by the it it it th i farmer in the t th year of observation;
.th Labour = FL + HL is the total hours of human labour for the I It it it farmer in the t th year of observation;
IL /Land is the ratio of irrigated land to the total land in It is noted that if unirrigated and irrigated land were equally productive (an unlikely occurrence) then the parameter, a 1, would be 0.5, which implies that the parameter, bl, would be equal to 1.0. Similarly, if hired and family labour were equally productive, then the parameter, b 2, would be equal to 1.0.
We, in fact, estimate a linearized version of the model of equation (7) The parameter, 8 0' is a simple function of a0' 8~, a~, 8 2 and a 2.
It should be noted that the model of equation (8) is not equivalent to that of equations (6) or (7). The function (8) would be a close approximation to that of equation (7) if the land-and labour-ratio variables had values which were close to zero.
If hired and family labour were equally productive , then the coefficient of the labour-ratio variable, HLit/Lab°urit' would be zero. Thus testing that the coefficient of the labour-ratio variable is zero provides a procedure for testing whether hired and family labour are equally productive in the villages involved.
Empirical Results
A summary of the data on the different variables in the frontier production function is given in Table I . It is evident from these statistics that Aurepalle farmers tend to be smaller in terms of value of output and total land operated. Kanzara farmers had the highest mean value of output, human labour and bullock labour. Kanzara farmers have the least amount of irrigation because of the relatively assured rainfall, whereas Aurepalle farmers have the greatest amount of irrigation because of the prevalence of growing paddy.
Bullock labour is used considerably more in Kanzara and Aurepalle than in Shirapur. Cost of inputs had a high proportion of zero observations in all three villages and so the sample means were not very large in all three cases.
The stochastic frontier production function (8) consists of ten parameters, six being associated with the explanatory variables of the function and four being parameters which specify the distributions of the random variables, Vlt and Uit. The maximum-likelihood estimates for the parameters of the frontier production functions with time-invariant parameters for the three villages are presented in Table 2 .
Tests of hypotheses about the distribution of the random variables Table 3 gives the probability of exceeding the 2 calculated X -value if the respective null hypothesis is true. This value is called the "prob-value" and the null hypothesis is rejected if the prob-value is smaller than the desired value for the probability of a Type I error.
The results presented in Table 3 imply that, given the specifications of the stochastic frontier production function (8) However, for farmers in Kanzara, the null hypothesis that the farm effects are time invariant and have half-normal distributions would be accepted under the model assumptions, given that the desired probability of a Type I error was no larger than O. lO.
The above model for the stochastic frontier production function associated with panel data on sample farmers from the three villages is likely to be inappropriate. That is, the assumption that the coefficients of the explanatory variables in the frontier function (8) are time invariant, For this more general specification o£ the stochastic frontier production function, there would be interest in testing if the coefficients of the production frontier were time invariant, or the elasticities with respect to the factor inputs were time invariant, after investigating whether the farm effects were time invariant and/or the half-normal distribution was a reasonable assumption.
The maximum-likelihood estimates for the parameters of the stochastic frontier model (9)- (10) with time-varying parameters and time-varying farm effects (2) are presented in Table 4 . Tests of hypotheses about the distribution of the farm effects associated with the stochastic frontier production functions with time-varying coefficients are obtained from the data in Table 5 .
The statistics in Table 5 suggest that, given the specifications of the stochastic frontier production function with time-varying coefficients and time-varying technical inefficiencies (9)-(I0): Log ( given that the desired probability of a Type I error was not greater than 0. I0. Hence it could be concluded that technical inefficiency is not evident for Aurepalle farmers.
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(ii) For Shirapur farmers, the null hypotheses, that the traditional response function is an adequate representation, or that the farm effects associated with technical inefficiency are time invariant and/or have half-normal distribution, would be rejected, given that the probability of a Type I error was not larger than 0. i0.
(iii) For Kanzara farmers, the null hypothesis that the technical inefficiencies of farmers were time invariant would not be rejected by the data.
Given these conclusions about the time-varying nature of the technical inefficiencies of farmers (when present) in the stochastic frontier production functions, various null hypotheses about the coefficients of the frontiers for the three villages are considered. The relevant test statistics are presented in Table 6 for three particular null hypotheses. This null hypothesis would be rejected for Shirapur and Kanzara if the desired probability of a Type I error was 0.01. The loglikelihood values are calculated assuming that the stochastic frontier production functions for the three villages have ~=~=p=O for
Aurepalle; ~, ~ and p are free parameters for Shirapur; and ~=0 for Kanzara. Saini (1979) , Battese, Coelli and Colby (1989) and Battese and Coelli (1992) ]. Various explanations have been suggested for this phenomenon.
= = O, implies that the labour

Conclusions
Our application of frontier production functions in the analysis of panel data from three Indian villages has indicated a number of important findings:
(i) When the data are analysed using a frontier model with coefficients that are constant over time (including the intercept parameter), then technical inefficiencies are found to be highly significant in all three villages and to be time varying in two of the three villages;
(ii) If the frontier production function contains time-varying coefficients (intercept and elasticities) then different conclusions about technical inefficiency were obtained in the different villages. In
Aurepalle, the frontier function was not significantly different from the traditional response function (which can be estimated efficiently by ordinary least-squares regression). In Kanzara technical inefficiency was not significantly different over time. However, in Shirapur it could not be concluded that technical efficiency was time invariant for the farmers involved.
(iii) The hypothesis that the coefficients of the explanatory variables (other than the intercept) were time invariant was rejected for two of the three villages.
The above results indicate that the inclusion of year-of-observation as an explanatory variable in the frontier model to account for neutral technological change, provided that it is appropriate, does not necessarily imply that technical inefficiency will then be absent from the model, as was found in the empirical example reported by Battese and Coelli (1992) .
Our analysis of the farm-level data from the three villages has not proceeded to the point of being able to explain or justify the different results which have been obtained for the three villages. Further investigations are required to deal with such issues.
The application of the frontier production function models considered in this paper has not included the possible effect of farm-or farmer-specific variables, such as education of the farmer, access to credit, etc. Further analyses incorporating such variables in the frontier models is being undertaken.
The empirical application of stochastic frontier production functions for the analysis of panel data requires that the deterministic component of the functions be appropriately modelled, in addition to the stochastic elements associated with technical inefficiency and random error. This is obviously a challenging exercise.
